Because the heterogeneity of microstructure has significant effects on the material properties of ultrafine interconnects, it should be quantified, to facilitate high-fidelity prediction of reliability. To address this challenge, a method based on autocorrelation and singular value decomposition is proposed for quantitative characterization of microstructure. The method was validated by developing a quantitative relationship between reported microstructure and tensile strength for SnAgCuRE solders reported in the literature. The method was used to study the effects of size and geometry in ultrafine Sn37Pb interconnects on microstructure and von Mises stress, which were obtained simultaneously by coupling a phase-field model with an elastic mechanical model. By use of this method the degree of heterogeneity of the microstructure in relation to preferred growth directions of the phases was quantified by use of a scalar microstructure index. It was found that microstructure heterogeneity increases with decreasing standoff height, and is higher for hourglass-shaped solder joints. The average von Mises stress was found to be positively related to the microstructure index. The strong correlation between microstructure index and average von Mises stress was confirmed by nonlinear regression analysis using an artificial neural network. This indicates that the mechanical behavior of ultrafine interconnects can be predicted more accurately on the basis of the microstructure index.
INTRODUCTION
Highly miniaturized interconnects are critical to co-design and co-manufacture of devices and their packages for next-generation packaging technology, for example 3D packaging and system integration. However, as the dimensions of interconnects continuously shrink from the mesoscale to the microscale, the number of grains is obviously reduced and the sizes of the constituent phases are comparable with those of the interconnects. As a result, the material properties of the interconnects become more anisotropic and heterogeneous. Conventional lifetime prediction methods for materials with homogeneous properties, as widely used today, are no longer applicable to such ultrafine interconnects with a highly heterogeneous microstructure.
Furthermore, new reliability issues can arise because of the substantial effects on microstructure evolution arising from the size and geometry of ultrafine interconnects. [1] [2] [3] [4] [5] [6] For example, a significant increase in resistivity, i.e. by 29%, was observed by Khoo et al. 2 when the width of Cu line interconnects was reduced from 80 nm to 50 nm. The greater resistivity was ascribed to the smaller grain sizes, growth of which was restricted by the side wall. The effects of size and geometry on microstructure were found to be even more complicated for solder joints, [4] [5] [6] because solders commonly comprise several phases. In particular, the geometry of solder joints has been revealed to have obvious effects on reliability at a larger scale. For example, Liu et al. found that use of hourglass-shaped Sn37Pb solder joints of 1.25 mm pad size improved fatigue lifetime by approximately 60% compared with conventional barrel-shaped joints of the same pad size. 7 The question of whether this effect will still be significant for joint size below a few tens of microns is of particular interest. Complete understanding of the effects of size and geometry is still lacking. To achieve high-fidelity prediction of the reliability of ultrafine interconnects, a novel microstructure-property relationship incorporating the effects of size and geometry should be established. The first step towards this objective is to quantify the microstructure.
In the literature, local features of the microstructure of Cu or Pb-free solders have been used for quantitative characterization of microstructure. [1] [2] [3] [8] [9] [10] [11] For example, Sidhu 9 and Dutta et al. 10 studied the effect of interparticle spacing and size of Ag 3 Sn particles on the creep behavior of SnAg and SnAgCu solders. A modified expression for threshold stress incorporating the effect of microstructure was obtained. However, their method for quantification of microstructure is only applicable to microstructure with uniform size and shape distributions of the constituent phases. Another method based on topological analysis was proposed by Gameiro et al. 12 This method can be used to quantify the connectivity of the complicated microstructure formed in eutectic SnPb or SnBi solders, but is still unable to describe the spatial distribution of the phases. Because the microstructure in ultrafine interconnects is highly heterogeneous, local features of, and topological information about, the microstructure are no longer adequate for high-fidelity prediction of reliability. A better approach to quantification of the heterogeneity of microstructure is required.
To address this challenge, a method based on autocorrelation 13 and singular value decomposition (SVD) 14 is proposed in this paper. This method is generally applicable to a wide range of microstructure in electronic interconnects, e.g. the distributed particles of intermetallic compounds (IMCs) in Sn-based solder joints and the grain structures in Cu through silicon vias (TSVs). In addition, it can work for the microstructure generated by both modeling and experimental work. To demonstrate the capability of this method, an example is provided of quantification of the heterogeneity of the microstructure in Sn37Pb solder joints. The structure of the paper is organized as follows. First, a model for simulating phase separation and coarsening in solder interconnects under shear stress is introduced. Second, a qualitative description of the effects of size and geometry on simulated microstructure and stress is given for comparison with quantitative results presented later. Third, a method capable of quantifying the heterogeneity of microstructure is described in detail and validated by use of experimental data from the literature. Finally, the method is used for quantitative study of the nonlinear relationships among the size, geometry, microstructure, and mechanical behavior of miniaturized interconnects.
MODELING METHODOLOGY
As a detailed example to show the general applicability of our method, the phase-field model developed by Dreyer and Mü ller 15 is used to simulate phase separation and coarsening processes in Sn37Pb solder joints. This model incorporates the strain energy as a force driving evolution of microstructure; it can, thus, be used to predict microstructure in solder joints under shear load when the joints are in service. The distribution of the mass fraction of Sn, denoted C Sn , is used as an order parameter to represent the morphology of the Snrich and Pb-rich phases. The evolution of the morphology is obtained by solving the governing equation, Eq. 1, by use of the finite element method 15 :
where M ij is the mobility matrix, a kl is a matrix of the coefficients related to surface energy, W s is the strain energy density, and w is the chemical free energy density obtained by use of the thermodynamic calculation software package Thermo-Calc 16 with the solder database developed at NIST. 17 The evolution of microstructure at a constant temperature, i.e., 125°C, is studied and the material properties at this temperature are used. Note that the Einstein summation convention is used throughout this paper.
In this work the solder is modeled as a linear elastic material. The stress-strain constitutive equation is:
where r ij is the stress tensor, E ijkl the stiffness tensor, and e kl el the elastic strain tensor. The stress reaches equilibrium much faster than evolution of the microstructure, and thus the following static equation is used to solve for stress at every time step of the simulations:
The governing equations of the phase-field model and the mechanical model are solved in 2D for ultrafine Sn37Pb solder joints. Two solder joint geometries were studied, the barrel shape and the hourglass shape, as illustrated in Fig. 1 .
The left and right boundaries of the solder joints are assumed to be circular arcs, which are approximations of the joint surfaces determined by surface energy and gravitational energy. The shape factor j is introduced for quantitative description of the different geometry 18 :
where S 0 is the area of the cross section of the joints, h the standoff height, and d the diameter of the pad. The shape factor j can be regarded as a ''dimensionless curvature'', which can be used to describe the geometrical characteristics irrespective of joint size. j > 0 for barrel-shaped joints, and j < 0 for hourglass-shaped joints, as indicated in Fig. 1 . The standoff height h and the pad size d are set to be the same, i.e. h = d. Eleven standoff heights ranging from 1.50 lm to 8.00 lm were studied for each geometry. For the phase field equation, i.e. Eq. 1, a slight fluctuation of C Sn at approximately 63 wt.% is set as an initial condition. The initial distribution of C Sn is set as follows:
where C 0 = 63 wt.% is the eutectic composition of the Sn-Pb binary alloy, A 0 = 1 wt.% is the amplitude of the fluctuation of C Sn , r is the distance from the center of the fluctuation of C Sn , and r 0 = 0.05 lm is the radius of the region within which C Sn fluctuates. Equation 5 is chosen such that C Sn and the first spatial derivatives of C Sn are continuous at r = r 0 . In practice, evolution of the microstructure is affected by stochastic factors, for example concentration fluctuation, thermal fluctuation, and other effects of the environment, and thus results in uncertainty in the prediction of microstructure. In this study, the stochastic effect is considered by setting six different initial conditions, i.e., setting the fluctuation of C Sn at the same six different locations in the joints with different sizes and geometry, as indicated by the dots in Fig. 1 . Each of the six initial conditions has the same location relative to the center of the interconnect even if the size and geometry of the interconnect change, and therefore the stochastic effect coupled with the size and geometry effects can be better studied. For the mechanical equations, i.e. Eqs. 2 and 3, the joints are assumed to have no initial stress. The boundary conditions are set as follows. For Eq. 1, a zero flux boundary condition is applied to all boundaries of the joints; for Eqs. 2 and 3, the bottom boundary is fixed while the left and right boundaries can deform freely, and a shear displacement is applied to the top boundary as illustrated in Fig. 1 . The shear loads imposed on the solder joints in real electronic packages may vary with the joint size and geometry, even when they are placed at the same location. Therefore, the shear displacements of the solder joints close to real scenarios need to be obtained. For this purpose the thermal expansion in two packaging structures as shown in Fig. 2a is simulated. In this case the microstructure in the solder joints is not considered. The joints labelled with the same number in Fig. 2a are set to locate at the same position in the package. The simulation result is present in Fig. 2b . For the joints at the same location, it is found that the shear displacements of the top boundary of the joints are only slightly affected by the standoff height and geometry of the joints. In addition, the magnitude of most of the shear displacements predicted in this model is found to be approximately 0.01 lm. According to this result, a shear displacement of 0.01 lm is applied to the top boundary of the solder joints in the coupled microstructure and stress simulations in this work.
RESULTS AND DISCUSSION

Qualitative Description of Size and Geometry Effects
The simulated microstructure formed after 80 s during phase separation and coarsening at 125°C in Sn37Pb ultrafine interconnects of different size and geometry is depicted in Fig. 3 . The Sn-rich phase is shown as the bright color whereas the Pb-rich phase is the dark color. Both phases are found to grow preferentially along the boundaries of the joints. Such morphology is comparable with the heterogeneous coarsening bands observed by Woodmansee et al. 19 in a shear test of Sn40Pb specimens. The phase growth in preferred directions is because of the combined effect arising from the shear stress and the constraints on diffusion imposed by the geometry of the joint surface. The degree heterogeneity of microstructure will therefore change when the size or geometry of the solder joints changes, which affects the stress distribution in the joints and the ratio of joint surface area to volume.
The effects of size and geometry on microstructure can be described qualitatively with reference to Fig. 3 . The phases present in the smaller joints are of relatively larger size compared with the sizes of the joints. The increase of the relative size of the phases can result in a more heterogeneous phase distribution. For example, the middle region of the hourglassshaped joint of 4.5 lm standoff height can provide enough space for the phases to grow in more than one direction, as shown in Fig. 3g . In comparison, a (Pb-rich)-(Sn-rich)-(Pb-rich) sandwich structure is formed in the middle region of the joint when the standoff height shrinks to 1.5 lm, as shown in Fig. 3e . In addition to the size effect, the hourglassshaped geometry can also enhance phase growth in the preferred directions. The phases at the centre of the barrel-shaped joints seem to grow in comparatively random directions, as shown in the square region marked in Fig. 3d . In contrast, the phases tend to grow along the horizontal and vertical directions at the centre of the hourglass-shaped joints, as indicated by the square region marked in Fig. 3h . However, the information provided by this qualitative description is limited and cannot be used to compare the degree of heterogeneity among the simulated microstructure. To circumvent this dilemma, a method capable of quantifying the heterogeneity of microstructure is introduced in the next section. show that the region with high von Mises stresses, e.g. over 40 MPa, will become scattered and result in a decrease of the average stress, if the microstructure is taken into consideration. In addition, by considering microstructure, the magnitude of the maximum von Mises stress is also obviously changed. For example, the maximum stress can be increased by over 30% (compare Figs. 4c and 5c) or reduced by 22% (compare Figs. 4a and 5a). Moreover, the locations of maximum stress in the hourglass-shaped joints, as indicated by the arrows in Figs. 4f-h and 5f-h, are shifted from the boundaries to the interior of the joints when microstructure is considered. These observations indicate that both the magnitude and the spatial distribution of the von Mises stress are highly dependent on the microstructure formed in the joints. Therefore, the aforementioned size and geometry effects on the microstructure can affect the mechanical behavior of the joints indirectly. It is the objective of the following sections to examine whether the effect of microstructure on the mechanical behavior of the interconnects can be described quantitatively by use of a variable representing the heterogeneity of the microstructure.
Quantitative Analysis of the Effects of Size and Geometry
The aforementioned effects of size and geometry are investigated quantitatively in this section. First, a method for quantification of microstructure that combines techniques for extraction of features of the microstructure and for data dimension reduction is described in detail. A nonlinear regression method based on an artificial neural network (ANN) is also introduced. The usefulness of the method for quantification of microstructure is tested by quantitatively linking the microstructure with the tensile strength of SnAgCuRE solders reported in the literature. 20 The method is then used to quantify the microstructure shown in Fig. 3 . Finally, a relationship among the size, geometry, microstructure, and mechanical behavior of miniaturized interconnects is developed and analyzed by use of the ANN.
A Method for Quantification of Microstructure
A wide range of ''microstructure'', defined as the arrangement of phases and defects within a material on microscopic length scales from nanometers to centimeters, 21 can be quantified by the method introduced in this section. Features of the microstructure, e.g. grain orientation distribution, 22 and volume fraction, size, and preferred growth direction of a specific phase, are extracted by calculating the autocorrelation matrix, a widely used statistical description of microstructure. 13, 23, 24 A image of the microstructure composed of m-by-n pixels, from either modeling or experimental work, is represented by an m-by-n matrix C. Each component of matrix C is the value of a local feature of the microstructure at the specific location. A representative microstructure of an Sn37Pb solder joint and the corresponding pixels are illustrated schematically in Fig. 6 as an example.
The local feature chosen is the mass fraction of Sn, and the spatial interval of the pixels is set at 0.01 lm in both the horizontal and the vertical directions. The component of the autocorrelation matrix, denoted M ij , is calculated as follows:
where r ¼ ½ m À 1 ð Þ=2 and s ¼ ½ n À 1 ð Þ=2 are the largest integers no greater than m À 1 ð Þ=2 and n À 1 ð Þ=2 , respectively, M rs is the component at the center of the autocorrelation matrix, i 2 1; 2r þ 1 ½ A vector (i-r, j-s) is also plotted. The probability that the Sn-rich phase appears at both the start and the end points of this vector is described by the component M ij of the autocorrelation matrix.
and j 2 1; 2s þ 1 ½ are integers. N kl is 1 within the domain of microstructure, e.g. the barrel-shaped domain shown in Fig. 6 , otherwise it is 0. The component M ij , represents the probability that the same feature of the microstructure, e.g. the Sn-rich phase, appears at both the start and the end points of a vector (i-r, j-s), which is placed randomly in the image of the microstructure. A schematic plot of the vector (i-r, j-s) is illustrated in Fig. 6 .
The autocorrelation matrix commonly contains thousands of variables, i.e. the components of the matrix. Most of these variables are interdependent. 24 As such, it is difficult and time consuming to fit a relationship among microstructure, size, geometry, and mechanical behavior, if the autocorrelation matrix is directly used to represent the microstructure. Principal-components analysis (PCA) based on SVD 14 was used to extract the most essential variables that determine the main characteristics of the microstructure and reduce the number of variables. The autocorrelation matrices of the simulated microstructure for different sizes and geometry are first averaged to obtain a reference value, A, for quantification of the microstructure. SVD is then performed on the reference value 14 :
where the columns of matrices U and V are orthogonal bases of the variable space, and the components of the diagonal matrix S are the singular values that represent the importance of the corresponding bases in describing the microstructure. The singular values are ranked in descending order and the cumulative contribution of the first p sets of singular value and bases is defined as:
If Q p is large, e.g. >90%, the first p singular values and their corresponding bases can be used to describe the original microstructure with negligible loss of information. Finally, the autocorrelation matrix M is projected on to the orthogonal bases to obtain a matrix P:
The matrix composed of the first p 9 p components of matrix (P À S), denoted D, is used to calculate a scalar microstructure index d by use of the Frobenius norm, 14 as follows:
The value of d will decrease to 0 when the microstructure characteristics represented by M are identical with those represented by A, and will increase otherwise. For example, if A represents a microstructure with the phase growth in random directions, then a high value of d will correspond to a microstructure with phase growth in preferred directions.
Nonlinear Regression Method
The nonlinear relationships among the microstructure index d, the standoff height h, the shape factor j given by Eq. 4, and the average stress r ave were fitted and analyzed by use of an ANN. 25 The output variable v out , i.e. the microstructure index d or the average stress r ave , calculated by use of an ANN, is expressed as follows 25 :
where u i is the output of the ith neuron of the ANN given by:
In Eqs. 11 and 12, v j in are the input variables, i.e. the standoff height h and the shape factor j when v out = d, or the microstructure index d when v out = r ave ; R and S are the numbers of input variables and neurons respectively; and w i out , b out , w ij in , b i in are variables that must be adjusted to minimize the error function, as follows:
where T is the number of the samples used to fit the relationship, v i sim and v i out are the output variables for the ith sample obtained by simulation and predicted by use of the ANN, respectively. The prediction accuracy of the ANN can be examined by conducting linear regression analysis on v i sim and v i out for i 2 1; T ½ : i.e. all of the samples. The residual e i , defined as follows, is used to evaluate the prediction error for the ith sample.
Validation of the Method for Quantification of Microstructure
To validate the method for quantification of microstructure, the method was used to study the microstructure of SnAgCuRE solders. 20 According to Yu et al., 20 the average sizes of the b-Sn, Cu 6 Sn 5 , and Ag 3 Sn grains of Sn2.5Ag0.7Cu solder were the coarsest whereas those of the Sn3.5Ag0.7Cu solder were slightly finer. It was also found that the sizes of the grains of the three phases decreased substantially and the spacing between the grains became narrower with addition of RE. 20 By use of the proposed method, the microstructure index d for the SnAgCuRE solders with the four compositions, i.e., Sn2.5Ag0.7Cu0.25RE, Sn2.5Ag0.7Cu0.1RE, Sn3.5Ag0.7Cu, and Sn2.5Ag0.7Cu, was calculated to be 18.5, 22.6, 50.4, and 56.8, respectively. That is, the microstructure index d for bulk SnAgCuRE solders decreases monotonically when the three phases become finer and more uniformly distributed. Therefore, the method for quantification of microstructure can be used to capture the major features of the microstructure of SnAgCuRE solders. A quantitative relationship between microstructure index d and reported tensile strength r b of the SnAgCuRE solders is further developed, as shown in Fig. 7 . The quantitative relationship is consistent with the qualitative observation that finer microstructure led to higher tensile strength. 20 This indicates that the method for quantification of microstructure can be used for quantitative prediction of material properties on the basis of microstructure. In the following sections the method is then used to quantify the effects of size and geometry on the simulated microstructure of ultrafine Sn37Pb interconnects.
Quantification of the Heterogeneity of Microstructure
The reference value A, which represents the microstructure characteristics common to all the samples studied, is visualized in Fig. 8a . This figure can be interpreted as follows. A vector pointing from coordinate (0,0) to the coordinate of the component A ij should be drawn first, as shown in Fig. 8a . The value of A ij then represents the probability of finding the Sn-rich phase simultaneously at the start and the end points of this vector when it is randomly placed in the image of the microstructure, e.g. as shown in Fig. 6 . The major features of the microstructure can be retrieved from Fig. 8a . For example, the volume fraction of the Sn-rich phase can be represented by the autocorrelation value at the centre of Fig. 8a . 23 In addition, the average width of the snake-like Sn-rich phase can be estimated by the radius of the dark ''ring'' surrounding the center of Fig. 8a , because the ring represents extremely low values of the autocorrelation. Furthermore, the length of the interface between the Sn-rich and the Pb-rich phases per unit area can be calculated by using the spatial derivative of the autocorrelation at the center of Fig. 8a . 24 Underlying information about the characteristics of the microstructure, e.g. the phase distribution, can be further clarified by conducting SVD-based PCA on the reference value A. The first three singular values of A are S 11 = 57.5, S 22 = 1.5, and S 33 = 0.5. Because S 11 is far greater than S 22 and S 33 , the phase distribution in the solder joints is mainly determined by the first principal component (PC1) of A, which is calculated as U i1 S 11 V j1 T and visualized in Fig. 8b . The cruciform pattern in Fig. 8b indicates that the Sn-rich phase tends to grow in directions parallel to the X and the Y axes. The preferred growth directions are in agreement with the qualitative description of Fig. 3 . As such, the reference value A contains the major characteristics of the heterogeneous microstructure of the Sn37Pb solder joints. The degree of heterogeneity of the microstructure for different joint sizes and geometry are then quantified by using the reference value A as follows. The first 17 singular values and their corresponding orthogonal bases of A are used to calculate the microstructure index d given by Eq. 10. In this case, a high cumulative contribution Q p , i.e. >99.99%, is obtained, thus loss of information about the microstructure is negligible. Figure 9 shows the relationship between the microstructure index d and the standoff height h, for barrel-shaped and hourglass-shaped solder joints, respectively. It is clear that the hourglass-shaped solder joints have a higher value of d than the barrel-shaped joints for all of the standoff heights studied; this is indicative of greater heterogeneity of the microstructure. To examine this result, the PC1 images corresponding to the barrel-shaped and the hourglass-shaped joints shown in Fig. 3a and e are plotted in Fig. 8c and d respectively. PC1 for the barrel-shaped joint, as shown in Fig. 8c , is similar to that of the reference value, as shown in Fig. 8b , except for four additional regions of high autocorrelation value. In contrast, PC1 for the hourglassshaped joint, as shown in Fig. 8d , is evidently different from that in Fig. 8b . It is found that the bright regions, i.e. the regions of high autocorrelation value, concentrate near the center, top, and bottom of this PC1 image. In addition, two ''gaps'' of low autocorrelation value, whose central lines locate at Y ¼ AE0:5lm, are observed in Fig. 8d . The two gaps reflect a highly heterogeneous microstructure, i.e. the (Pb-rich)-(Sn-rich)-(Pb-rich) sandwich structure described previously, because the distance between the two layers of the Pb-rich phase is close to 0.5 lm, as indicated in Fig. 3e . This confirms, therefore, that the larger microstructure index d of the hourglass-shaped joint is indicative of more heterogeneous phase distribution. As such, Fig. 9 can be explained as follows: the degree of microstructure heterogeneity increases with the decreasing standoff height, and is higher in hourglass-shaped than in barrel-shaped joints of the same standoff height.
Effects of Size and Geometry on Microstructure
The relationship among size, geometry, and microstructure of the solder joints was further analyzed by use of an ANN. The standoff height h and the shape factor j were used to predict the microstructure index d. The microstructure index predicted by use of the ANN, i.e. d
ann , and calculated on the basis of the simulation results, i.e. d cal , are compared in Fig. 10 . It is clear that the linear regression line for the calculated and predicted microstructure indices is close to the dashed line that represents the relationship d ann = d cal . In addition, the linear correlation coefficient is close to 1. Therefore, the microstructure index d is strongly correlated with the size and geometry of solder joints. However, the accuracy of the prediction apparently drops when the microstructure index d is larger than 3, as shown in Fig. 10 . Referring to Fig. 9 , the data for d ‡ 3 all correspond to hourglass-shaped joints with a standoff height below 2 lm. By comparing the data points with the curves fitted by use of the ANN, shown in Fig. 9 , it was found that the low prediction accuracy of these data is because of the large variance of d. This variance is induced by slight differences in the initial distributions of the mass fraction of Sn, which simulates the effect of temperature fluctuations. Because the same initial conditions are imposed for all configurations of size and geometry, the magnitude of the variance of d is determined by the size and geometry of the joints. This result indicates it is more difficult to predict and, thus, design the microstructure of solder joints with hourglass geometry.
Effects of Size and Geometry on Mechanical Behavior
The maximum and the average von Mises stress, i.e. r max and r ave , in solder joints with different standoff heights and geometries, are shown in Fig. 11 . For comparison, results for both types of joint with and without microstructure are also plotted. Both r max and r ave are found to be higher in smaller joints when microstructure is not considered. However, it is difficult to predict the maximum stress r max in joints with microstructure, because r max is highly sensitive to minute changes in microstructure. To be more specific, Fig. 11a shows that r max in the barrel-shaped joints keeps increasing when the standoff height h decreases from 8 lm to 1.85 lm, but r max suddenly drops when h shrinks to 1.5 lm and 1.65 lm. In contrast, it is relatively easy to predict the effect of microstructure on average stress r ave . Because the Pbrich phase has a lower Young's modulus, it deforms more easily than the Sn-rich phase. In this case, the shear displacement of the joints with microstructure is mainly attributed to deformation of the Pbrich phase, whereas deformation of the Sn-rich phase is mitigated. As a result, r ave is generally reduced compared with the case without microstructure, as shown in Fig. 11b . However, r ave still increases with decreasing standoff height for joints with microstructure.
In addition to the effect of size, the effect of geometry on the mechanical behavior is also significant. The barrel-shaped joints always have much higher values of r max , i.e. by more than 100 MPa, than the hourglass-shaped joints when the microstructure is not considered. Such comparatively high maximum stress for the barrel-shaped geometry is induced by the local concentration of stress at one of the corners, as indicated by the arrowheads in Fig. 5a-d . Even when the microstructure is taken into account, r max still remains lower for the hourglass-shaped joints in most cases, as shown in Fig. 11a . This could be a possible explanation for the higher strength and longer lifetimes of the hourglass-shaped joints observed experimentally by Liu et al. 7 In contrast, r ave is found to be higher for hourglass-shaped joints, irrespective of whether microstructure is considered. Moreover, the data points in Fig. 11b are indicative of larger variance of r ave for the hourglass-shaped joints, especially for standoff heights below 2 lm. The variance of r ave is induced by variations of the microstructure, as illustrated in Fig. 9 . For hourglass-shaped joints, therefore, variance of other physical properties, for example resistivity and thermal conductivity, can also be large. Such variation may cause reliability issues, especially in high-density packages containing a large number of joints.
Considering Figs. 8 and 10b and the discussions above, it is evident that the effects of size and geometry on the microstructure index d and the average von Mises stress r ave are similar. However, whether d can be used to describe the effect of microstructure on mechanical behavior, or, more specifically, whether the mechanical properties can be predicted accurately on the basis of d, is still unknown and needs further examination. For this purpose the relationship between d and r ave was investigated. The data points in Fig. 12a reveal a unified relationship between r ave and d for both barrel-shaped and hourglass-shaped geometry. It should be noted that three variables, i.e. the standoff height h, the shape factor j, and the microstructure index d, are usually needed for determination of the von Mises stress in the joints. However, it has already been confirmed that d is strongly correlated with h and j, as shown in Fig. 10 . In this case the microstructure index d contains information about size and geometry, and can thus be used to determine average stress r ave , as shown in Fig. 12a . This relationship is fitted by use of an ANN and illustrated as a solid-line curve. It is noted that a nearly monotonic relationship exists between r ave and d; this is beneficial for the inverse design of microstructure. Figure 12b illustrates the residuals for this ANN, i.e. the differences between the simulated average stress and those fitted, as a function of the standoff height h for the barrel-shaped and the hourglass-shaped joints. It is found that the data points are randomly dispersed around the zero-residual line. The magnitude of the residuals is also independent of the size and geometry of the joints. This result confirms that the microstructure-induced variance of r ave can be predicted by use of d. Accordingly, incorporation of the microstructure index d into prediction models such as ANN can be used to improve the accuracy of prediction of the mechanical behavior of ultrafine interconnects.
CONCLUSIONS
A method for quantification of microstructure in ultrafine interconnects has been proposed. It was used to study the effects of size and geometry on the microstructure of, and von Mises stress in, ultrafine Sn37Pb solder joints. The following conclusions were drawn:
1. The usefulness and general applicability of the method were confirmed by quantifying the relationship between reported microstructure and tensile strength of SnAgCuRE solders reported in the literature. 2. The degree of heterogeneity of the microstructure of the SnPb interconnect, i.e. the growth of Sn-rich and Pb-rich phases in preferred directions, can be quantified by use of a scalar microstructure index by using the proposed method. 3. The degree of heterogeneity of the microstructure was found to increase with decreasing standoff height. For the same standoff height, hourglass-shaped joints have a more heterogeneous microstructure than barrel-shaped joints. 4. For most of the joints investigated in this study, hourglass-shaped joints have lower maximum von Mises stress; they could, thus, possibly have greater strength and longer lifetime than their barrel-shaped counterparts. The average von Mises stress increases nearly monotonically with the degree of heterogeneity of the microstructure. 5. The strong correlation between microstructure index and average von Mises stress is confirmed by nonlinear regression analysis using an ANN. On the basis of the microstructure index, the mechanical behavior of the ultrafine interconnects can be predicted more accurately. 
